BACKGROUND: Comprehensive molecular characterization of cancer that has metastasized to bone has proved challenging, which may limit the diagnostic and potential therapeutic opportunities for patients with bone-only metastatic disease. METHODS: We describe successful tissue acquisition, DNA extraction, and whole-exome sequencing from a bone metastasis of a patient with metastatic, castration-resistant prostate cancer (PCa). RESULTS: The resulting high-quality tumor sequencing identified plausibly actionable somatic genomic alterations that dysregulate the phosphoinostide 3-kinase pathway, as well as a theoretically actionable germline variant in the BRCA2 gene. CONCLUSIONS: We demonstrate the feasibility of diagnostic bone metastases profiling and analysis that will be required for the widespread application of prospective 'precision medicine' to men with advanced PCa.
INTRODUCTION

Significance
The application of prospective massively parallel sequencing to tissue obtained from bone metastases is feasible in the clinical setting. The resulting data may be actionable in metastatic prostate cancer (PCa), and the approach may be applicable to many patients with metastatic cancer limited to the bone.
Background
The prospective use of massively parallel sequencing in oncology has started to impact medical decision making by promoting individualized therapeutic choices based on genomic information. 1, 2 In some instances, this may require fresh biopsies from patients with metastatic disease either before treatment, during treatment or upon relapse. However, obtaining sufficient highquality tumor tissue for genomic studies can be technically and logistically challenging depending on the specific anatomic location of the metastases.
Metastatic PCa is emblematic of an epithelial malignancy that primarily metastasizes to the bone. For example, over 90% of patients enrolled in clinical trials of abiraterone acetate or enzalutamide (therapeutics that suppress androgen synthesis or androgen receptor (AR) signaling, respectively) had bone metastases at baseline, whereas only 50% had soft tissue metastases. 3, 4 In order to study resistance to castration-based therapies and/or guide clinical trial enrollment, obtaining tumor genetic material from bone metastases will be required for most patients.
Although castration-resistant PCas have undergone researchoriented genomics studies, most of these tumors were acquired from soft tissue metastases or autopsy specimens. 5, 6 Here, we describe successful bone biopsy tissue acquisition and wholeexome sequencing (WES) for a living patient with metastatic, castration-resistant PCa. Several plausibly actionable somatic and germline events were detected that may guide future clinical decision making. More generally, these results show the feasibility of applying clinical sequencing to cancer patients with extensive bony metastases.
MATERIALS AND METHODS
Ethics statement
Written informed consent was obtained from the patient to participate in this study. Patient tumor and matched normal samples were collected and sequenced under an Institution Review Board approved protocol (UCSF Committee on Human Research (CHR: http://www.research.ucsf.edu/chr/ NewInv/chrNewInv.asp) protocol number 10-01418).
Radiographic biopsy methods
Written informed consent was obtained before the procedure from the patient. The risks and benefits were discussed, and the patient agreed to proceed. The patient was placed prone on the computed tomography gantry couch. Scout computed tomography images were obtained at a slice thickness of 5 mm. Two adjacent sites were marked overlying the right posterior superior ilium. The skin was prepped and draped in the usual sterile manner. In all, 1% lidocaine was used for local anesthesia. A small dermatotomy was made in the skin. A 16-gauge biopsy needle was used to obtain two core samples of a sclerotic lesion (Figure 1b) . The biopsy needle was removed. Rapid hemostasis was achieved locally. Next, following local anesthesia with 1% lidocaine, a small dermotomy was made in the skin inferiorly. A 16-gauge Bonopty (AprioMed, Uppsala, Sweden) bone biopsy needle system was used to obtain two core samples of an adjacent lytic lesion ( Figure 1a ).
Research biopsies were divided in two, surrounded in OCT (optimum cutting temperature frozen embedding medium) and frozen immediately after the biopsy. Tissue was subsequently stored in vapor phase liquid nitrogen before tissue collection. Samples were submitted to the research associate at the bedside. Samples for surgical pathology were submitted. Gauze and a Tegaderm were applied to the skin after it was cleaned. The patient tolerated the procedure well without observable complication. Total radiation dose as reported as a total dose-length product was 106.8 mGy-cm. The patient was discharged to the radiology nursing holding area in good condition for half an hour of observation.
Three serial sections were used on each slide to assess tissue variability through the core. Staining was done using a standard hematoxylin (Gill #2) and eosin protocol. Cryosectioning at -20 1C was performed on frozen biopsies without prior decalcification to obtain tissue sections of approximately 8-10 mm in thickness. Each tissue section was collected on charged glass slides and bone fragments present within the tissue sections were removed manually before laser capture microdissection (LCM). Multiple tissue sections were used to collect cells (Supplementary Table 2) .
DNA extraction, library preparation, assembly and quality control Each LCM tube was filled with 50 ml of lysing buffer from the Stratagene Absolutely RNA nanoprep isolation kit (Agilent Technologies, Santa Clara, CA, USA), containing b mercaptoethanol. This buffer removes cells from the LCM cap more rapidly than proteinase-K digestion alone. Following LCM, the sample caps were attached to tubes containing the Stratagene buffer, inverted, then incubated at room temperature for an hour. The tube was then spun to retain the buffer/sample and the cap was discarded. The same buffer was then used for a second sample LCM cap to maximize tissue/ buffer concentration. The contents of two buffer tubes were then combined (100 ml total) and added to 300 ml of digestion buffer (10 mM NaCl, 1.5 mM MgCl 2 , 50 mM KCl, 0.05% Tween-20) and 7 ml of proteinase-K (20 mg ml -1 ). The digestion and DNA isolation was carried out with the eight LCM slides distributed between two 400 ml digestion samples to maximize DNA retention in the columns. The digestion samples were placed in a 55 1C water bath and rocked overnight. In all, 7 ml of fresh proteinase-K was added to each tube following overnight incubation, and repeated for two more overnight incubations. After the third incubation, proteinase-K was deactivated at 95 1C for 10 min. Sample volumes were then loaded onto pre-wetted Amicon Ultra 30K filtration columns and spun for 8 min at 12 000 relative centrifugal force. Two 450 ml water washes were performed (8 min, 12 000 relative centrifugal force) before inverting the columns into a clean sample tube and extracting the concentrated DNA sample at 13 000 relative centrifugal force for 1 min. The two samples were combined and quantity was measured using quantitative PCR and the PicoGreen assay. DNA was isolated from blood using a standard Qiagen Blood Maxi kit (Qiagen, Hilden, Germany) according to protocol. Germline DNA was isolated from peripheral mononuclear blood cells to use for downstream analyses.
Exome capture and library construction were performed per standard Broad Sequencing Platform procedures, 8 and libraries were sequenced on Illumina HiSeq 2000 machines (Illumina, San Diego, CA, USA). The resulting data obtained from the Illumina pipeline were assembled using the Picard pipeline (http://picard.sourceforge.net/) and aligned to the hg19 reference genome. Cross-contamination of samples was estimated using ContEst, 24 to confirm that neither tumor nor germline sample had 41% contamination. Single-nucleotide polymorphism fingerprints from each lane of a tumor/ normal pair were cross-checked to confirm concordance, and non-matching lanes were removed from analysis. Sequencing metrics and coverage analyses were performed using the HS_Metrics tool from the Picard pipeline and DepthOfCoverage from the Genome Analysis Toolkit, 25 respectively. 
Identification of somatic alterations
Somatic single-nucleotide base-pair substitutions were identified using MuTect, 26 and small insertions and deletions were identified with Indelocator (http://www.broadinstitute.org/cancer/cga/indelocator). Copy ratios were inferred from analysis of sequencing depth in tumor and normal samples. The resulting copy ratios were segmented using the circular binary segmentation algorithm. Genes in regions with segment means of 42 were evaluated for amplifications, and genes in regions with segment means of o-1 were evaluated for deletions. Rearrangements were determined using BreakPointer. 9 Annotation of identified variants was done using Oncotator (http://www. broadinstitute.org/cancer/cga/oncotator). These algorithms were executing using the Broad Firehose Infrastructure (http://www.broadinstitute.org/ cancer/cga/Firehose). Clinical interpretation of the collected somatic alterations was determined with a heuristic platform for the analysis and interpretation of cancer exome data. 10 
Identification of germline alterations
Single-nucleotide variants and insertion/deletions were identified on the hg19-aligned germline BAM (the compressed binary version of the Sequence Alignment/Map (SAM) format) file using Unified Genotyper 25 with a pooled set of 50 additional publically available healthy adult germline BAMs. The variants were annotated using Oncotator, and those in the subset of genes identified as relevant to cancer risk 2 were selected for further review. The estimated population frequencies of resulting variants were calculated using data from the Exome Variant Server project, 14 and variants with o1% population frequency were selected for manual review.
RESULTS
Clinical background
The patient was a 57-year-old man who presented with an elevated PSA of 4.42 ng dl -1 during a screening evaluation. A prostate biopsy revealed localized prostate adenocarcinoma (Gleason 3 þ 3 ¼ 6) in 13/15 cores with perineural invasion (clinical staging was T3b, N0, M0). The patient received neoadjuvant androgen deprivation therapy (leuprolide and bicalutamide) followed by combined external beam radiation therapy and brachytherapy. His PSA became undetectable during treatment, but 4 years later the PSA began rising and his bone scan was suspicious for metastatic PCa. Androgen deprivation therapy was resumed, and his PSA fell from 7.59 to 0.5. After o12 months of therapy his PSA began to rise despite castrate levels of testosterone. He was treated with secondary hormonal therapy including ketoconazole with only modest and fleeting reductions in his PSA. When his PSA rapidly climbed to 91.6, he was treated with carboplatin and docetaxel on a clinical protocol and zoledronic acid to reduce skeletal-related events. After six cycles of chemotherapy, his PSA fell to 1.97 and continued to decline to a nadir of 1.22 approximately 2 months after stopping chemotherapy.
Eight months later, the patient's PSA climbed to 28.2 and he started enzalutamide, experiencing a transient PSA response. He then developed signs of early spinal cord compression and received focal radiation therapy. Once stabilized, he enrolled in a clinical trial of cabozatinib and his PSA declined from 42.5 to 31.8 as his best response. Two months thereafter, his PSA increased to 80.4 and a chest computed tomography scan revealed multiple new pulmonary nodules. He re-started chemotherapy with carboplatin and docetaxel and again had a meaningful clinical response with a PSA decline to 55. At this time, because of limited remaining treatment options, the patient underwent a research computed tomographyguided bone biopsy and consented to additional tissue being obtained for research purposes (UCSF IRB 10-01418).
Acquisition of tumor tissue from bone metastases Two distinct bone metastases in the right ilium were biopsied: a lytic lesion (Figure 1a ) and a primarily sclerotic lesion (Figure 1b) . Histological analysis of the biopsied tissue revealed clusters of malignant epithelial cells in frozen core 3 (lytic lesion) that appeared adequate for LCM. Immunohistochemical studies of prostatic acid phosphatase confirmed the prostatic origin of the epithelial cells (Supplementary Figure 1A) . Using previously described methods, 7 LCM was used to capture the malignant epithelial cells, and multiple slides of LCM-captured tissue were combined into a single nucleic acid isolation tube (Table 1) . Two rounds of LCM produced 4200 ng of genomic DNA (Supplementary Figure 1B ).
WES of bone metastasis-derived PCa cells WES was performed on 50 ng of tumor and 85 ng of paired normal DNA (see Materials and methods section). In the tumor, the mean target sequencing coverage was 145-fold, with 88% of territory covered at X30-fold (Table 1) ; these parameters met or exceeded 'conventional' exome sequencing target goals. 8 A total of 1955 unique somatic mutations, small insertions deletions and copy number alterations were observed. The overall mutation rate was 2.52 per megabase, comparable to advanced PCa 5 (Figures 2a  and c; Supplementary Table 2 ). Although many important DNA rearrangements occur outside of exon coding regions 9 and are not robustly detected by WES, assessment of breakpoints within or near exons demonstrated multiple putative events (Figure 2b ). Germline analysis revealed 23 856 single-nucleotide polymorphisms across the exome (Supplementary Table 3 ).
Plausibly actionable somatic and germline alterations Analysis of variants from the tumor and normal exomes 10 identified several genomic alterations of interest (Figures 3a and b) . Several alterations were present in genes that encode members of the phosphoinostide 3-kinase (PI3K) pathway, including a homozygous phosphatase and tensin homolog deleted on chromosome 10 (PTEN) deletion and a PIK3R1 R557* nonsense mutation. The latter mutation was present at an allelic fraction of 0.82, suggesting biallelic inactivation in the setting of minimal stromal admixture. PIK3R1 encodes the P85a regulatory subunit of PI3K. In glioblastoma models, PIK3R1 mutations were shown to increase PI3K signaling and conferred increased sensitivity to AKT inhibitors. 11 Other salient somatic mutations included an APC E1554fs insertion. Loss-of-function APC mutations are common in gastrointestinal malignancies; however, APC mutations have also been observed in B3.5% of PCas. 12 Moreover, a PDGFRA E556fs deletion was observed that had not been reported previously. The biological significance of the APC and PDGFRA mutations is uncertain. Finally, the tumor harbored a deletion in CDKN1B, which was recently found to be significantly altered in primary PCa. 13 We did not detect alterations in several genes known to govern AR function in PCa. Specifically, no somatic events were observed in AR, FOXA1, GATA2, NXK3-1, PXN, FASN or UGT2B17, 5,13 despite there being adequate tumor and normal coverage to detect Adequate extraction of adequate genomic DNA from the tumor and germline DNA was subjected to exon capture and sequenced (see Materials and methods section). Standard sequencing metrics are shown, including mean target coverage, targets covered at a sequencing depth of X30-fold, and the percent of zero target coverage.
alterations in these genes (Supplementary Figure 2 , Supplementary Table 4 ). In the patient's germline exome, we detected a BRCA2 K3226* nonsense variant. This variant occurs with an estimated population frequency of 0.6% per the Exome Variant Server.
14 The significance of this event is uncertain, as it occurs near the carboxy-terminus of the protein and is not a known risk factor for breast or PCa susceptibility. 15 However, inspection of this locus in the tumor WES data revealed loss of the normal allele and the suggestion of BRCA2 biallelic inactivation. Some BRCA2 mutations have been linked to increased platinum-based chemotherapy sensitivity in other disease contexts, 16 and may predict response to poly(ADP-ribose) polymerase inhibitors. 17 
CONCLUSIONS
Multiple technical hurdles have limited detailed genomic studies of bone metastases from epithelial malignancies. 6 We successfully achieved 'clinical-grade' WES of a bone metastasis biopsy specimen obtained from a living patient. Although these findings will have to be confirmed by a clinical laboratory before they can be used to guide therapy in this patient, we did identify actionable genomic alterations that may impact clinical decision making.
Although the mainstay of therapy for men with castrationresistant PCa is directed against the androgen signaling axis, this patient developed rapid resistance to primary hormonal therapy and had similarly short durations of response to newer AR targeting agents (enzalutamide). These poor clinical results are intriguing in light of the lack of genomic alterations involving either AR itself or other genes associated with AR activity.
The bone metastasis characterized here contained multiple genetic events predicted to activate the PI3K pathway in genes that were previously reported to be significantly altered in primary 13 and metastatic 5 PCa cohorts. PI3K dysregulation occurs in the majority of advanced PCas; however, the concomitant PTEN homozygous deletion and PIK3R1 mutation may conceivably confer enhanced dependency on this pathway. Although allosteric mammalian target of rapamycin inhibitors have met with limited success in the setting of metastatic PCa, 18 these events may support enrollment in clinical trials of singleagent PI3K, AKT or mTOR kinase inhibitors given as single agents 19 or together with AR-directed therapies. 20 Moreover, should this patient (or patients like him) have an extraordinary response to one of these agents, these clinical observations may be linked to the observed genomic features to nominate new biomarkers for response or resistance to novel therapies that can be studied prospectively.
The germline sequencing data raise the possibility that BRCA2 activity may be reduced in this patient's tumor. Notably, the patient's clinical course bears important similarities to that seen in BRCA2 carriers who develop PCa. In particular, such men exhibit a relatively short duration of response to androgen deprivation and robust clinical responses to platinum-based chemotherapy regimens. Thus, both the somatic and germline WES data offered potentially actionable genomic information in this case.
Although our biopsy protocol was successful here and in other contexts, 21 the patient characteristics that predict successful and unsuccessful bone biopsies remain unclear. Furthermore, this study was limited to an evaluation of the coding regions of the tumor and normal DNA. In PCa, this is pertinent because of the emergence of clinical trials testing distinct targeted therapies in E26 transformation-specific (ETS) fusion-positive 22 or SPINK1 overexpressed 23 PCas-neither of which could be observed with WES alone. In the future, additional sequencing modalities (for example, transcriptome sequencing or whole-genome sequencing) may be required to achieve a more complete view of clinically actionable PCa alterations.
In summary, we have successfully procured and sequenced tumor DNA from an epithelial bone metastasis. The approach described here may be applicable to other epithelial malignancies that metastasize to the bone, thus enabling expanded views into the biology and therapeutic vulnerabilities linked to this common and debilitating mode of tumor progression. Integrated clinical analysis and interpretation of the patient's tumor and normal exome revealed multiple somatic and germline events warranting further review (a). These included a homozygous PTEN deletion and a PIK3R1 nonsense mutation. Remaining alterations were scored by rules as being biologically relevant, being relevant specifically to prostate cancer biology, being in the pathway of a cancer gene, or being present in COSMIC. Germline clinical analysis also revealed a BRCA2 variant of uncertain significance. These events may be linked to clinical actions, which are listed here (b). mTOR, mammalian target of rapamycin; PARP, poly(ADP-ribose) polymerase; PI3K, phosphoinostide 3-kinase; PTEN, phosphatase and tensin homolog deleted on chromosome 10.
